In arid regions, overstory plants may influence establishment and persistence of understory species. Identifying relationships between overstory and understory plants may increase success of revegetation efforts. This research considered whether three desirable grasses native to the Sonoran Desert, Arizona cottontop (Digitaria californica), plains lovegrass (Eragrostis intermedia) and bush muhly (Muhlenbergia porteri), differ in density or cover under overstory species compared to open areas. Selection of sites in southern Arizona (two or three per species) was based on abundance of study species and elevation. Density and cover of Arizona cottontop and plains lovegrass was highly variable between canopied and open areas among sites. Bush muhly had greater density and cover under canopies at all sites. No association was noted between precipitation or elevation and density or cover ratios. Identifying understory species well-adapted to shaded sites may aid in determining the best use of existing vegetation for revegetation in this region.
Introduction
Much research has shown that soil water availability generally controls plant growth in desert environments (Jordan & Nobel, 1979; Franco & Nobel, 1988) . Germination of warm-season species may occur following summer rainstorms, but soil drying after germination is often fatal for young seedlings. High solar irradiance and drought during the summer months also create high soil surface temperatures that may kill seedlings (Turner et al., 1966) . These factors may be ameliorated by rocks on the soil surface, microtopography, and the presence of overstory species which are sometimes termed nurse plants (an existing adult plant growing adjacent to a seedling) (Turner et al., 1966; Evenari et al., 1982; Nobel, 1989 ).
Nurse plants have been shown to have a moderating effect on soil surface temperatures (Jordan & Nobel, 1979) . Soil surface temperatures in the desert can exceed 65°C, which may be fatal to young seedlings regardless of soil moisture status (Turner et al., 1966; Nobel, 1989) . Lowering soil surface temperatures may also protect understory plants from drought stress (Parker, 1987) . In addition, nurse plants may take up water from lower soil depths that is potentially available for use by neighboring shallow-rooted plants (Caldwell & Richards, 1989) . Nevertheless, others have noted that competition for water and light from nurse plants greatly reduces the growth of associated seedlings compared with seedlings in open areas (Franco & Nobel, 1988) .
The structure of overstory plants may promote seedling establishment by trapping seeds, reducing wind and water erosion, and modifying litter and soil nutrients (Holland, 1973; Frost & Edinger, 1991) . Certain minerals may be more concentrated under nurse plant canopies than surrounding bare soil because canopies may capture and accumulate organic debris (Garcia-Moya & McKell, 1970; Tiedemann & Klemmendson, 1973) . While some nutrients may be increased under some canopies it is also possible to have elevated levels of potentially toxic elements near overstory plants (Charley & West, 1975) . Muller (1953) noted that brittlebush (Encelia farinosa A. Gray), which produces allelopathic compounds, did not serve as an effective nurse plant whereas the non-allelopathic species Ambrosia dumosa (A. Gray) Payne, syn. Franseria dumosa A. Gray growing in the same community was a nurse plant for several species.
In arid regions, some species are found almost exclusively under canopies. In general, it appears that in these regions establishment of understory species is more critical than maximum growth (Franco & Nobel, 1988) . However, some species protected by canopies appear to become competitive after establishment, and growth of the nurse plant may decline. Some researchers have identified nurse plants by recording understory species that consistently associate with particular overstory species (Turner et al., 1966; Almeida & Donart, 1980; Haque et al., 1991) . Identifying overstory species associated with desirable understory forage species may aid land managers in modifying microsites as part of revegetation efforts.
The objectives of this research were to: (1) determine whether three grasses native to the Sonoran Desert in the south-western U.S., Arizona cottontop (Digitaria californica (Benth.) Chase), plains lovegrass (Eragrostis intermedia Hitchc.), and bush muhly (Muhlenbergia porteri Scribn.), and other herbaceous understory species have greater association with the dominant overstory species than open areas at various sites in southern Arizona; and (2) whether variability in density and cover under canopies among sites is related to environmental gradients in precipitation or elevation.
Methods
Data were collected at seven sites in southern Arizona previously selected for seed collection of Arizona cottontop, bush muhly and plains lovegrass (Table 1) . Each site had a relatively abundant population of at least one of these native grasses, and differed in elevation and precipitation compared to other selected sites for that particular study species. An area of approximately 1 ha represented the experimental plot at each site. Percent cover was measured for each site during May and June 1992 to determine dominant overstory species. The line-intercept method (Canfield, 1941) was used for this estimate for five randomly chosen, parallel 100-m long transects. Means were calculated for each species using data from the five line intercepts to determine percent cover and dominant overstory species.
Individuals of dominant overstory species were randomly selected for understory sampling using randomly-generated co-ordinates within each site. Density of herbaceous species was measured and percent foliar cover estimated in 0·25 m 2 quadrats placed under the two dominant overstory species and in an open area adjacent (approximately 6 m) but not under overstory canopies. Only one dominant overstory species was present and sampled at the Santa Rita and Buenos Aires sites. The centre of the quadrat was placed approximately one-third crown-width from the centre of overstory species and four sub-samples were taken in the cardinal directions. The four sub-samples were combined for a mean value for each individual due to the lack of significant differences among the sub-samples (data not shown). Twenty overstory species and open areas were sampled at each site, except for locations where the total number of individuals per treatment (overstory or open) was less than 20. In this situation, all individuals of the dominant overstory species were sampled at a site. Fort Huachuca had 15 replicates per treatment due to low number of overstory individuals.
Cover and density data were tested for normality using the Shapiro-Wilk test (Shapiro & Wilk, 1965) and ranked data were used in analyses of variance due to nonnormality. Means were separated with the Tukey studentized range test. Canopied and open areas were compared among sites by calculating a ratio of total density and cover in open areas/total value under canopies. A ratio of 1·0 would indicate an equal density or cover in open and understory areas. Analysis of variance was performed on ratios and mean separations were done using Tukey studentized range test. Spearman's rank correlation coefficients were calculated to determine whether precipitation and elevation were associated with density ratios or cover ratios. Throughout, p ≤ 0·05 was used to define statistical significance.
Results and discussion

Arizona cottontop sites
Density and cover of Arizona cottontop were highly variable between open and canopied areas among sites. Density at the Diamond Bell site was less under canopies compared to open areas, whereas density was greater under canopies at the Santa Rita site (Table 2 ). Many small seedlings were observed in open areas which may explain the greater density, but not cover, at the Diamond Bell site. This site has been noted as a particularly favorable site for Arizona cottontop (pers. comm., Phil Ogden, University of Arizona, and Dan Robinette, NRCS, Tucson, Arizona). Deep sandy loam soils and lack of grazing for more than 20 years at Diamond Bell may partially explain the high density of this species at this site. It appears that both open and canopied areas are suitable for establishment of Arizona cottontop even though microsite factors in each of these areas may differ greatly.
Cover was similar among open and canopied areas at the Diamond Bell site, whereas cover was greater under canopies at the higher elevation Santa Rita site (Table 2) . Mean cover for all species was greater under velvet mesquite canopies than in open areas at the latter site. It has been suggested that increased litter and nitrogen under leguminous species such as mesquite may encourage understory establishment (Haque et al., 1991) . Furthermore, livestock may prefer grazing open areas rather than under canopies of leguminous species which often have many branches near the ground that are armed with spines. However, other research in southern Arizona has suggested that livestock may preferentially graze under mesquite vs. open areas due to increased nutrient levels in understory plants (Tiedemann & Klemmendson, 1973) . Overall, Santa Rita had significantly lower density and cover ratios than Diamond Bell (Table  3) . Considering similarities in elevation and plant community types, differences in grazing regimes may partially explain the differences in ratios between these sites. Santa Rita has experienced relatively heavy grazing whereas Diamond Bell has experienced no grazing for many years (Table 1) .
Plains lovegrass sites
Results for Buenos Aires, the low elevation site for this species, showed greater density in open areas compared to areas under the dominant overstory species, velvet mesquite (Table 4) . Plains lovegrass had similar density in open areas and under the dominant overstory species, emory and Mexican blue oaks (Quercus emoryi Torr. and Q. oblongifolia Torr.), at Fort Huachuca, the higher elevation study site (Table 4) . Density for all understory species was less under canopies compared to open areas for both of these relatively mesic sites (Table 4) . Density ratios for Fort Huachuca and Buenos Aires were greater than all sites except Diamond Bell (Table 3) . These results support findings by Haworth (1992) indicating greater biomass of understory species was found in open areas than under canopies in another site sampled in the Fort Huachuca area.
Cover was greater in open areas compared to canopied areas at Buenos Aires. However, cover was similar among areas at Fort Huachuca where oaks are the dominant overstory species. Callaway et al. (1991) noted that blue oak (Quercus douglasii Hook. & Arn.) trees on the same site can have a positive or negative influence on understory production. They found that below-ground competition from shallow roots of blue oak led to lower production whereas elevated nutrients under some deeper-rooted trees led to increased production compared to adjacent open areas. Cover ratios for Buenos Aires and Fort Huachuca were also significantly greater than the other five sites suggesting larger plants are found in exposed open areas (Table 3) . Similar to the Diamond Bell site, these two sites have not been recently grazed. Lack of grazing may lead to less suitable sites for establishment under canopies due to increased shading from etiolated, ungrazed plants. In this situation, similar or greater cover in open areas would be expected. In addition, it has been shown that particular lovegrasses have greater germination in open rather than shaded areas (Sumrall et al., 1991) .
Bush muhly sites
Organ Pipe, the most xeric and lowest elevation study site, had significantly greater density under the two dominant overstory species, velvet mesquite and creosotebush (Larrea tridentata Coville) ( Table 5) . Density of all understory species was greater under velvet mesquite, but not creosotebush, compared to open areas. In addition, the density ratio was significantly lower than the six other sites (Table 3) . Such low occurrence of plants in open areas may be due to the low precipitation and high average temperatures at this site (Parker, 1987; Nobel, 1989) . Density of bush muhly was greater under canopies, but density of all species was similar among canopied and open areas for both the mid and high elevation sites for this species, Falcon Valley and San Xavier. Other species present at these sites did not show the close association with overstory plants as bush muhly did. The Falcon Valley site had the highest density ratio whereas the Organ Pipe site had the lowest ratio for bush muhly sites (Table 3) (Welsh & Beck, 1976; Haque et al., 1991) . Almeida & Donart (1980) suggested that a symbiotic relationship may exist between bush muhly and nurse plants such as creosotebush. The cover ratio was significantly less at the Organ Pipe site than all other sites. For the mid and high elevation sites, cover ratios were significantly greater than at the Organ Pipe site, emphasizing greater understory establishment under canopies as environments become more arid, and likely more hostile for establishment in adjacent open areas.
Environmental influences
Studies in more humid conditions have shown that tree canopies may be more lush and understory herbaceous growth reduced due to denser shade or pathogens present in moist litter under canopies (Fowler, 1988; Frost & McDougald, 1989) . In these situations, grasslands have higher herbaceous cover in open areas than canopied areas. However, our results show that there is no significant correlations between density or cover ratios and mean precipitation or elevation across sites.
Overall, rainfall was consistently higher during the 12 months prior to data collection compared to 30-year mean precipitation for all sites ( + 21% on average over sites) (Table 1 ). This may have resulted in greater than normal growth of established plants and seedling recruitment in the year of the experiment. However, our experiment was not designed to assess differences between years in the density or cover of understory species.
Summary
Data presented here demonstrate that certain understory species are associated more with canopied than open areas in desert shrubland and grassland communities in southern Arizona. For example, the presence of Arizona cottontop and plains lovegrass varied among locations, whereas bush muhly had consistently greater density and cover under canopies than in open areas. This species was most frequently associated with velvet mesquite and was not found in open areas at most of the sites. This study corroborates previous research suggesting a close association of bush muhly with overstory species (Welsh & Beck, 1976; Haque et al., 1991) . It is not certain whether greater occurrence of bush muhly under canopies is due to greater establishment, or persistence, or both compared to open areas. In situations where bush muhly is a desired revegetation species, it may be advantageous to re-seed under mesquite, blue paloverde, or creosotebush canopies or under a layer of litter to simulate microsites where this species occurs naturally.
Grazed sites had lower density and cover ratios than the ungrazed sites. In some cases, greater establishment under canopied areas may be related to presence of livestock. Higher soil fertility and more mesic conditions under canopies may increase the ability of understory plants to tolerate grazing (Tiedemann & Klemmedson, 1973) . Perhaps seeding of native grasses under existing, and in particular leguminous, overstory plants on currently or recently grazed lands would encourage seedling establishment of less aggressive, shade-tolerant species. In time, these species may move into open areas as management practices change. However, establishment under canopies vs. open areas may be more closely related to species composition than management practices. For example, particular species such as Lehmann lovegrass (Eragrostis lehmanniana Nees) have been shown to prefer open rather than canopied areas for establishment (Roundy et al., 1992) . Identification of understory species that are tolerant or intolerant of shaded microsites would aid in determining the best utilization of overstory canopies for revegetation practices. Furthermore, previous work has suggested that there are differences in light quality and quantity (Parker, 1987; Haque et al., 1991) , soil surface temperatures (Nobel, 1989) , soil water availability, and nutrient levels (Tiedemann & Klemmedson, 1973) under canopies compared to adjacent open areas. Our results indicate that additional studies are needed to determine why establishment or persistence of certain species is greater under canopies than in open areas.
